Arc-discharge Synthesis of Fullerenes Influenced by Micro-environment by 朱峰
 
 
学校编码：10384                            分类号      密级        
学号：20520061151905                                   UDC       
 
 
硕  士  学  位  论  文 
 
微环境影响的富勒烯电弧合成 
Arc-discharge Synthesis of Fullerenes Influenced  
by Micro-environment 
 
 朱 峰 
 
指导教师姓名：黄荣彬 教授 
              谢素原 教授               
专  业 名 称：无 机 化 学 
论文提交日期：2009 年 7 月 
论文答辩时间：2009 年 7 月 
学位授予日期：2009 年  月 
  
 
答辩委员会主席：           
评    阅    人：           




























































Arc-discharge Synthesis of Fullerenes 
Influenced by Micro-environment 
 
 
A Dissertation Submitted to the Graduate School in Partial Fulfillment of 






 Prof. Rong-Bin Huang & Prof. Su-Yuan Xie 
 
 



























另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的





































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人： 












 目   录 
 1
目  录 
摘    要 ························································································································· I 
ABSTRACT··················································································································· III 
第一章 绪  论···············································································································1 
1.1 富勒烯的合成 ································································································1 
1.1.1 本课题组在富勒烯合成方面的研究·······················································1 
1.1.1.1 石墨电弧放电法 ···············································································2 
1.1.1.2 液相电弧法 ·······················································································2 
1.1.1.3 辉光放电法 ·······················································································3 
1.1.1.4 微波等离子体法 ···············································································3 
1.1.1.5 激光溅射法 ·······················································································4 
1.1.1.6 四氯化碳溶剂热合成 ·······································································4 
1.1.1.7 火焰燃烧法 ·······················································································5 
1.1.1.8 有机合成法 ·······················································································5 
1.1.2 富勒烯相关的其它合成方法 ···································································6 
1.1.2.1 石墨激光汽化法 ···············································································6 
1.1.2.2 太阳能法 ···························································································6 
1.1.2.3 多环芳烃热裂解法 ···········································································6 
1.1.2.4 石墨高频电炉加热蒸发法································································7 
1.1.2.5 真空闪速热解法 ···············································································7 
1.2 富勒烯的提取 ·································································································8 
1.3 富勒烯的分离 ·································································································8 
1.3.1 非色谱法 ···································································································8 
1.3.1.1 升华法和重结晶法 ···········································································8 
1.3.1.2 化学法 ·······························································································9 
1.3.2 色谱法 ·······································································································9 
1.3.2.1 经典柱色谱法 ···················································································9 
1.3.2.2 高效液相色谱法 ·············································································10 















1.4.1 富勒烯形成机理的研究现状 ·································································10 
1.4.2 Stone-Wales (pyracylene)转换 ······························································12 
1.5 外加物对富勒烯及其碎片形成的影响 ·······················································14 
1.5.1 氯等自由基对富勒烯形成的影响 ·························································14 
1.5.2 金属及其它填充物对富勒烯形成的影响·············································15 




2.1.1 电弧等离子体的基本性质和特点 ·························································31 
2.2 现有石墨电弧反应装置优缺点及其改进 ···················································32 
2.2.1 玻璃石墨电弧反应装置 ·········································································33 
2.2.1.1 玻璃石墨电弧反应装置组件··························································33 
2.2.1.2 玻璃石墨电弧反应装置的操作方法 ··············································36 








2.3 装置运行 ·······································································································42 
2.3.1 玻璃石墨电弧反应装置 ·········································································42 
2.3.2 不锈钢石墨电弧反应装置 ·····································································43 
2.4 结果与讨论 ···································································································43 
2.4.1 玻璃石墨电弧反应装置 ·········································································43 



















3.1.1 非经典富勒烯 ·························································································49 
3.1.2 非经典富勒烯的合成 ·············································································51 
3.2 实验················································································································51 
3.2.1 化学试剂 ·································································································51 
3.2.1.1 本章用到的氯源 ·············································································51 
3.2.1.2 本章用到的碳源 ·············································································51 
3.2.1.3 本章用到的其它试剂 ·····································································52 
3.2.2 合成装置与仪器 ·····················································································52 
3.2.3 产物的溶解和提取方式的选择 ·····························································52 
3.2.3.1 甲苯超声提取与 CS2 索氏提取的比较 ··········································52 
3.2.3.2 甲苯超声提取与甲苯索氏提取的比较 ··········································53 
3.2.4 产物的分离分析 ·····················································································53 
3.2.4.1 色谱条件 ·························································································53 
3.2.4.2 质谱分析条件 ·················································································54 
3.2.5 玻璃石墨电弧反应装置中合成条件的研究·········································55 
3.2.5.1 C2v–#1,809C60Cl8、Ih–#1812C60、 D5h–#8149C70 的标准工作曲线········55 
3.2.5.2 反应时间 ·························································································56 
3.2.5.3 氯气分压的影响 ·············································································57 
3.2.5.4 石墨阳极的影响 ·············································································57 
3.2.5.5 直流电流的影响 ·············································································58 
3.2.5.6 He 分压的影响 ················································································58 
3.3 结果与讨论 ···································································································59 
3.3.1 产物提取方式的选择 ·············································································59 
3.3.1.1 甲苯超声提取与 CS2 索氏提取的比较 ··········································59 
3.3.1.2 甲苯超声提取与甲苯索氏提取的比较 ··········································61 















3.3.3 反应时间 ·································································································66 
3.3.4 氯气分压的影响 ·····················································································68 
3.3.5 石墨阳极的影响 ·····················································································70 
3.3.5.1 空心棒与实心棒的对比 ·································································70 
3.3.5.2 实心棒与填充棒的对比 ·································································71 
3.3.5.3 不同目数石墨粉填充的对比··························································72 
3.3.6 直流电流的影响 ·····················································································74 
3.3.7 He 分压的影响 ························································································76 
3.3.8 C2v–#1,809C60Cl8、#1812C60、 #8149C70 的定量 ·········································77 
3.3.9 样品的稳定性及其保存 ·········································································79 
3.3.9.1 时间长短及光照的影响 ·································································80 






4.2.1 化学试剂 ·································································································90 
4.2.2 合成装置与仪器 ·····················································································90 
4.2.3 产物的提取、分离和分析 ·····································································90 
4.2.4 金属参与富勒烯合成 ·············································································90 
4.2.4.1 不锈钢石墨电弧反应装置······························································90 
4.2.4.2 玻璃石墨电弧反应装置 ·································································91 
4.3 结果与讨论 ···································································································92 
4.3.1 不锈钢石墨电弧反应装置时金属的影响·············································92 
4.3.2 玻璃石墨电弧反应装置时金属的影响·················································94 
4.3.2.1 不引入氯 ·························································································94 


















第五章 电弧产物的 HPLC-MS-UV/VIS 分析及机理研究 ···································107 
5.1 引言··············································································································107 
5.2 实验··············································································································107 
5.2.1 化学试剂 ·······························································································107 
5.2.2 合成装置与仪器 ···················································································108 
5.2.3 样品制备及表征 ···················································································108 
5.3 结果与讨论 ·································································································109 
5.3.1 C2v–#1,809C60 Cl8、Ih–#1812C60、D5h–#8149C70 的相关性························109 
5.3.2 Stone-Wales (pyracylene) 重排的验证··············································· 111 
5.3.3 甲苯提取物种的分析 ··········································································· 113 
5.3.4 形成机理尚存的空缺 ···········································································121 
5.3.5 非甲苯提取物种的分析 ·······································································122 
5.4 结论··············································································································122 
参考文献 ············································································································124 
第六章 总结与展望 ··································································································127 
6.1 石墨电弧反应装置的改进 ·········································································127 
6.2 C2v-C60Cl8 为代表的非经典富勒烯的优化合成 ········································127 
6.3 金属对富勒烯形成的影响 ·········································································127 
6.4 Stone-Wales 重排的验证及富勒烯形成机理的揭示 ································128 
附录 在学期间发表专利及论文··············································································130 














Table of Contents 
ABSTRACT IN CHINESE·································································································· I 
ABSTRACT IN ENGLISH······························································································· III 
CHAPTER 1 INTRODUCTION ··························································································1 
1.1 Synthesis of fullerenes·····················································································1 
1.1.1 Synthesis methods by our group ·····························································1 
1.1.2 Other related synthesis methods ·····························································6 
1.2 Extraction of fullerenes ··················································································8 
1.3 Separation of fullerenes ··················································································8 
1.3.1 Non-chromatographic seperation ···························································8 
1.3.2 Chromatographic separation ··································································9 
1.4 The study of formation mechanism of fullerenes·······································10 
1.4.1 Recent study on formation mechanism of fullerenes ··························10 
1.4.2 Stone-Wales (pyracylene) transformation ···········································12 
1.5 The influence of padding on formation of fullerenes·································14 
1.5.1 Influence of halogen ···············································································14 
1.5.2 Influence of metals··················································································15 
1.6 The working-out of the subject ····································································16 
References ············································································································19 
CHAPTER 2 IMPROVING OF ARC DISCHARGE APPARATUS··········································30 
2.1 Introduction···································································································30 
2.2 Advantages and disadvantages of existing arc discharge apparatus········32 
2.2.1 Corrosion-proof arc discharge apparatus············································33 
2.2.2 Stainless steel arc discharge apparatus ················································39 
2.3 Operation of apparatus ················································································42 
2.4 Results and discussion ··················································································43 
2.5 Conclusion ·····································································································44 
References ············································································································46 













Table of Contents 
 7
3.1 INTRODUCTION ······································································································49 
3.1.1 non-IPR fullerenes··················································································49 
3.1.2 Synthesis of non-IPR fullerenes ····························································51 
3.2 Experimental section ····················································································51 
3.2.1 Chemical reagents ··················································································51 
3.2.2 Apparatus. and synthesis ·······································································52 
3.2.3 Extraction································································································52 
3.2.4 Separation and analysis ·········································································53 
3.2.5 Investigation of parameters in Corrosion-proof arc discharge 
apparatus··········································································································55 
3.3 Results and discussion ··················································································59 
3.3.1 Influence of extraction method······························································59 
3.3.2 Standard curves of C2v–#1,809C60Cl8、Ih–#1812C60、 D5h–#8149C70········64 
3.3.3 Influence of reaction time ······································································66 
3.3.4 Influence of Cl2 ·······················································································68 
3.3.5 Influence of electrode ·············································································70 
3.3.6 Influence of electricity intensity ····························································74 
3.3.7 Influence of He························································································76 
3.3.8 Quantity of C2v–#1,809C60Cl8、Ih–#1812C60、 D5h–#8149C70·····················77 
3.3.9 Stability and preservation of sample ····················································79 
3.4 Conclusion ·····································································································83 
References ············································································································85 
CHAPTER 4 INFLUENCE OF METAL ON FORMATION OF FULLERENES························89 
4.1 Introduction···································································································89 
4.2 Experimental section ····················································································90 
4.2.1 Chemical reagents ··················································································90 
4.2.2 Apparatus. and synthesis ·······································································90 
4.2.3 Sample Preparation and analysis··························································90 
4.2.4 Study of formation of fullerenes with involvement of metals·············90 















4.3.1 Influence of metals in Stainless steel arc discharge apparatus···········92 
4.3.2 Influence of metals in Corrosion-proof arc discharge apparatus ······94 
4.3.3 Synthesis of metallofullerenes in Corrosion-proof arc discharge 
apparatus········································································································100 
4.4 Conclusion ···································································································105 
References ··········································································································106 
CHAPTER 5 HPLC-MS-UV/VIS ANALYSIS OF PRODUCTS AND STUDY ON FORMATION 
MECHANISM OF FULLERENES ····················································································107 
5.1 Introduction········································································································107 
5.2 Experimental section ··················································································107 
5.2.1 Chemical reagents ················································································107 
5.2.2 Apparatus. and synthesis ·····································································108 
5.2.3 Sample Preparation and analysis························································108 
5.3 Results and discussion ················································································109 
5.3.1 Correlation between C2v–#1,809C60Cl8、Ih–#1812C60、 D5h–#8149C70 ···109 
5.3.2 Verification of Stone-Wales (pyracylene) transformation················ 111 
5.3.3 Analysis of toluene extracts ································································· 113 
5.3.4 Surviving blind spots of formation mechanism ·································121 
5.3.5 Analysis of non-toluene extracts··························································122 
5.4 Conclusion ···································································································122 
References ··········································································································124 
CHAPTER 6 SUMMARY AND PROSPECTS ···································································127 
6.1 Improving of arc discharge apparatus······················································127 
6.2 Optimization synthesis of non-IPR fullerenes and fullerenes·················127 
6.3 Verification of Stone-Wales (pyracylene) transformation and study on 
formation mechanism of fullerenes ·································································128 















摘    要 
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C70 等已经被合成、表征并应用于基础和应用研究。而 non-IPR 富勒烯由于其裸
球的不稳定性，导致其合成、分离、表征极具挑战性。在研究富勒烯形成机理过
程中，我组摸索出了一种有效捕获 non-IPR 富勒烯的方法——引入氯元素的等离










相比于相同 He 压力下无氯的情况，不仅大大提高了 C60、C70 的产率，更大大提














































Fullerenes represent a new form of carbon discovered by Kroto, Curl, and 
Smally in the experiment of laser-evaporation of graphite in 1985. Fullerenes can be 
classified into isolated-pentagon rule (IPR)-satisfying fullerenes and IPR-violating 
fullerenes (i.e., the non-IPR fullerenes having adjacent pentagons in their carbon 
skeletons). IPR fullerenes such as C60 and C70 have been widely investigated since 
they were available in macroscopic quantities in 1990. The synthesis, separation and 
characterization of non-IPR fullerenes, however, are still of great challenge. 
Introducing chlorine into plasma system during the formation of non-IPR fullerenes is 
useful for trapping these new species and in turn of importance for understanding of 
fullerene formation, as demonstrated by capturing labile C50 as C50Cl10 and C2v-C60 as 
C2v-C60Cl8. Due to a scarcity of non-IPR fullerene species in soot, only a limited 
quantity of these interesting fullerenes has so far been purified and isolated. Under 
this circumstance, a high-yield synthesis of non-IPR fullerenes is definitely needed for 
further studies of these fullerenes. In this dissertation, the synthesis of non-IPR 
fullerenes (especially C2v-C60Cl8) under an improved graphite arc discharged in the 
presence of chlorine was systemically explored, and a series of experiments were 
carried out involving the effective capture of metastable intermediates of fullerenes, 
the verification of Stone-Wales (SW) transformation and exploratory synthesis of 
metallofullerenes. The main results are summarized as follows. 
    1. The existed apparatuses for the synthesis of fullerenes are improved for 
uncomplicated use and maintenance. Synthesis of fullerenes is optimized. Based on 
the experimental data on fullerene yields, the S-W transformation is tentatively 
verified and the formation mechanism of fullerenes is suggested. 
2. A small amount of chlorine, mixed into helium atmosphere, has remarkably 
enhanced the yields of C60 and C70 in the graphite arc-discharge reaction. By 
alternating the aperture of carbon anode (rod or tube), an effective method to improve 
the yield of C2v–#1809C60Cl8 was reported for the first time. This method allows the 















fullerene. Appropriate extraction method for chlorinated fullerenes has been 
optimized. The stability of the chlorinated fullerenes are also been studied. 
3. High-yield synthesis of fullerenes and metallofullerenes is explored by adding 
a small amount of metal such as silver, iron, nickel and copper into the anode. The 
yields of C60 and C70 in the graphite arc-discharge reaction were remarkably increased 
and C76, C78, C80, C82, C84 were obviously detected by HPLC coupled with both mass 
spectrometry (MS) and ultraviolet absorption spectroscopy (UV). The yield was 
promoted to a factor of 4 folds more than those produced in metal-free conditions 
(with only chlorine and helium atmosphere). Combining with the experimental results, 
we can predict that the addition of chlorine and metal facilitates the formation of 
fullerenes and its intermediates. On the basis of high-yield synthesis of fullerenes, the 
yield of metallofullerenes can be promoted by stuffing metal oxide into the anode. 
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